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This study presents application of an up-scaled high-pressure torsion (HPT) process to AZ31 and AZ61 Mg alloys for ultrafine grain
refinement. Disks with 30mm diameter were processed at room temperature under 6 to 7GPa using the up-scaled HPT facility with a maximum
capacity of 5MN (500 ton). Microstructural evolution was evaluated by hardness measurement and microscopy observations including tensile
testing. The grain size was well refined to ³150 nm and ³100 nm at the saturated state for the AZ31 and AZ61 alloys, respectively. Superplastic
elongations of ³520% and ³550% were then attained in the corresponding alloys when tested in tension at elevated temperatures because of the
grain boundary sliding controlled by grain boundary diffusion. Upsizing of the disk sample makes for a chance to extract the tensile specimens at
different radial distance within the same disk and therefore the effect of the equivalent strain on the superplastic elongations was effectively
evaluated. [doi:10.2320/matertrans.M2018308]
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1. Introduction
It is now well known that processing through severe plastic
deformation (SPD) leads to significant grain refinement to
submicrometer or nanometer sizes in many metallic
materials.1,2) In particular, SPD under high pressure such as
high-pressure torsion (HPT)3­5) opens to a chance of nano-
structural refinement not only in the metallic materials3,4) but
also hard-to-deform materials such as intermetallics,6­11)
semiconductors12­19) and ceramics.20­25) The HPT process
also provides an opportunity for powder consolidation so that
it is possible to increase the rate of powder compaction20)
and to decrease sintering temperature26) or even to synthesize
new atomic structured materials.27­30)
However, the use of the HPT process is restricted because
of the sample size which is generally a disk with a diameter
of 10mm and a thickness of 1mm. Upsizing the disk could
be feasible with sacrifice of imposed pressure if the machine
capacity is the same. Nevertheless, higher pressures at least
greater than a few GPa are required for proper holding of a
disk without generating slippage between the disk and the
anvils.31) Lowering the pressure may also cause breaking the
disk or introducing cracks if the disk samples are brittle in
nature such as Mg alloys. In this study, we thus increase the
machine capacity to 5MN (500 ton) to process disks with
30mm in diameter so that it is possible to maintain a high
imposed pressure up to 7GPa. We will then demonstrate that
Mg alloys are successfully processed at room temperature for
grain refinement in such upsized disks.
It should be noted that heating the samples is generally
required when they are processed by SPD or heavy
deformation for grain refinement.32­38) However, it appears
that the constraining of the sample by application of pressure
is effective to reduce the processing temperature or to avoid
a chance of breaking and cracking.33) Among many reports
on the AZ31 alloy using SPD processes as commented by
Huang et al.,39) studies by Xu et al.40) and Straska et al.41)
appear to be only the reports that successfully processed the
AZ31 alloy at room temperature using HPT. Xu et al.40)
reported the appearance of superplasticity with a total
elongation of ³400% due to significant grain refinement by
the HPT processing. An AZ61 alloy was also processed by
HPT at room temperature by Harai et al.42) and they reported
a total elongation of 260% As will be demonstrated in this
study, we also show that the upsized disk exhibits
superplasticity with the total elongation of ³520% for the
AZ31 alloy and ³550% for the AZ61 alloy after processing
at room temperature using HPT with the up-scaled (500 ton)
capacity.43) We will then demonstrate that the up-scaled HPT
process can produce superplasticity through ultrafine-grained
structure in Mg alloys with an enlarged area.
2. Experimental Procedures
Commercially extruded AZ31 and AZ61 alloys with
nominal compositions of Mg­3%Al­1%Zn and Mg­6%Al­
1%Zn in mass%, respectively, was received in a form of
rod having 30mm in diameter. The rod was sliced to disks
with 1mm thickness using a wire-cutting electrical discharge
machine (EDM). The average grain size of the as-received
alloy was ³15 µm for the AZ31 alloy and ³34 µm for the
AZ61 alloy. The disks were processed by HPT at room
temperature for 2 and 10 turns with a rotation speed of 1 rpm
under applied loads of 500 ton and 430 ton corresponding to
pressures of 7GPa for the AZ31 alloy and of 6GPa for the
AZ61 alloy.
Vickers microhardness was measured on the disks with
mirror-like surfaces from the center to edge at 8 different
radial directions as illustrated in Fig. 1(a). For this hardness
measurement, a load of 100 g was applied for a dwell time of
15 seconds using a Mitutoyo HM-102 hardness tester.
Microstructures of the HPT-processed samples were
observed by transmission electron microscopy (TEM) using
a Hitachi-8100 at an accelerating voltage of 200 kV. For TEM
observations, small disks with 3mm in diameter were cut as
shown in Fig. 1(a) using the EDM so that the center of the+Corresponding author, E-mail: masuda@zaiko6.zaiko.kyushu-u.ac.jp
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TEM disk is located at a position 12mm away from the disk
center. The 3mm disks were mechanically polished to a
thickness of 100 µm and subjected to twin-jet electro-
polishing using a solution of 2% HClO4­28% C3H8O3­
70% C2H5OH (in vol%).
Microstructures were also observed by optical microscopy
after annealing of the HPT-processed sample. Three pieces
of specimens with dimensions of 1 © 14 © 0.5mm3 were cut
from the HPT-processed disk along the three different radial
directions as illustrated in Fig. 1(a), and were annealed at
623K for 1 h in argon atmosphere. They were polished to
a mirror-like surface and were chemically etched using a
solution of 4.2 g C6H2(OH)(NO2)3­10ml CH3COOH­10ml
H2O­160ml C2H5OH. Optical micrographs were taken at
distances of 2, 4, 6, 8, 10, 12 and 14mm from the disk
center.
Tensile specimens with the dimensions shown in Fig. 1(b)
were extracted from the HPT-processed disks using the
EDM at the same position as the TEM observation (12mm
away from the disk center) for each alloy, and they were
further extracted at 4 and 8mm away from the disk center
for the AZ61 alloy as shown in Fig. 1(a). Tensile tests were
conducted with three different initial strain rates, 1 ©
10¹4 s¹1, 3 © 10¹4 s¹1 and 1 © 10¹3 s¹1, at two different
temperatures, 623K and 673K. Tensile tests were further
conducted on the AZ61 alloy with the initial strain rate of
1 © 10¹3 s¹1 at 473K.
3. Results and Discussions
3.1 Hardness measurement of AZ31 alloy
The variations of Vickers microhardness are plotted in
Fig. 2(a) against the distance from the disk center and in
Fig. 2(b) against the equivalent strain after processing for
N = 2 and 10 turns at room temperature. The hardness level
of the as-received sample is also included in Fig. 2. The







where r is the distance from the disk center, N is the number
of turns and t is the thickness of the disk. These plots clearly
show that the hardness increases with increasing the distance
from the disk center and thus with increasing the equivalent
strain. This behavior is similar to the ones reported in other
metals and alloys.44,45) The hardness saturates at the
equivalent strain beyond ³80 with a steady-state level of
³107Hv, where the hardness remains unchanged with
straining. These measurements show that the microhardness
significantly increases by HPT processing as compared to the
initial value of 53Hv at the as-received state. Huang et al.39)
reported that the hardness increased up to 105Hv at the
saturated state for an AZ31 alloy after processing by HPT,
whereas Xu et al.40) reported that the saturated hardness
value of 125Hv by HPT processing. Despite the sample size
is the same for both reports, it is not known why the latter
is higher than the former but it is most probable that the
difference in the saturated hardness level may be attributed to
(a)
(b)
Fig. 1 (a) Dimensions of HPT disk, sampling locations for tensile testing,
transmission electron microscopy (TEM) and annealing, positions for




Fig. 2 Vickers microhardness plotted against (a) distance from disk center
and (b) equivalent strain for samples processed by HPT through 2 and 10
turns.
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the difference in the composition. Nevertheless, the hardness
value at the saturated state achieved in this study by the
up-scaled HPT machine can produce almost the same results
as processed with the 10mm diameter disks.39,40)
3.2 Microstructure after HPT processing of AZ31 alloy
Figure 3 shows TEM bright-field images (left), dark-field
images (right) and the corresponding SAED patterns (center)
for the samples processed by HPT for (a) 2 turns and (b) 10
turns under 7GPa at room temperature. The dark-field image
was taken using the diffracted beam indicated by an arrow
in the SAED pattern. It is apparent that significant grain
refinement occurs even after 2 turns and the grain size is
well reduced to the submicron level. Figure 3(b) clearly
shows that fine grains with an equiaxed structure having
high-angles of misorientation are well developed homoge-
neously after 10 turns, leading to an average grain size of
³150 nm as confirmed from the dark-field image. It should
be noted that the grain refinement was feasible at room
temperature without breaking the samples, and this must
be due to the high applied pressure adopted in the HPT
processing.
3.3 Microstructural homogeneity and stability by
annealing
Microstructures of the sample processed for 10 turns were
observed by optical microscopy after annealing at 623K for
1 hour at positions 4 and 12mm apart from the disk center
along the three radial directions as illustrated in Fig. 1(a).
Figure 4(a) and (b) are typical micrographs showing an
equiaxed grain structure with an average grain size of ³6­
7µm. This was also confirmed at other positions as plotted in
Fig. 5 which includes the plots of the grain sizes at 2, 6, 8, 10
and 14mm from the disk center. Thus, it is concluded that
the homogeneous microstructure was well developed over the
areas where the tensile specimens were extracted, and more
importantly, it is anticipated that the grain size is still small
enough to produce superplasticity.
3.4 Deformation behavior of AZ31 alloy
The results of tensile tests are shown in Fig. 6 and Fig. 7
for the samples processed through N = 2 and 10 turns,
respectively, where the nominal flow stress is delineated
against elongation in (a) and the appearance after specimen
failure including the one before tensile deformation is shown
in (b). As the strain rate decreases and the testing temperature
increases, the stress-strain curve becomes smooth with the
maximum flow stress lowered. This trend is more prominent
in the samples after N = 10 turns than after N = 2 turns. The
sample appearance after failure in (b) clearly shows that the
deformation occurs uniformly throughout the gauge length
for all specimens. It should be noted that the values for the
total elongation given in (b) are taken from the recording of
the stress-elongation curves in (a) and thus the values may
include the deformation adjacent to the gage parts.
Figure 8 shows the summary of the total elongation plotted
against the initial strain rate. It is clearly shown that the total
elongation to failure is higher in the samples processed for
N = 10 turns than N = 2 turns and it increases as the strain
rate decreases and the testing temperature increases. Thus, the
superplastic elongation more than ³300% is attained in most
of the samples except the highest strain rate at 623K. These
tensile results demonstrate that it is possible to modify the
AZ31 alloy to be superplastic thanks to the grain refinement
achieved by HPT processing even at room temperature.
3.5 Activation energy
The following equation may be useful to understand
the deformation mechanism controlling the deformation
flow.46,47)
Fig. 3 TEM bright-field images (left), dark-field images (right) and
selected area electron diffraction (SAED) patterns (inset) after HPT
processing through (a) 2 turns and (b) 10 turns. Arrows in SAED patterns
indicate beams for dark-field imaging.
Fig. 4 Optical micrographs obtained at (a) r = 4 and (b) r = 12mm in B
direction shown in Fig. 1(a).
Fig. 5 Average grain size plotted against distance from disk center after
HPT processing through 10 turns followed by annealing at 623K for 1 h.














where _¾ is the strain rate, A is a dimensionless constant, G is
the shear modulus, b is the Burgers vector, k is Boltzmann
constant, T is the temperature, D0 is the frequency factor, d
is the grain size, p is the exponent of the inverse grain size, ·
is the flow stress, n is the stress exponent, Q is the activation
energy for the deformation and R is the gas constant. For
superplastic deformation, the strain rate sensitivity m is
conventionally used for n, where both parameters are related
as m = 1/n.
The maximum flow stress is plotted against the initial
strain rate in Fig. 9 in a double logarithmic form. Despite the
data points are limited, they are well represented by a single
straight line for each number of revolution. The slopes of
the lines are ³0.5 for N = 10 turns and ³0.3 for N = 2
turns. The slope greater than ³0.3 is well consistent with
the deformation mechanism controlled by grain boundary
sliding.48)
To estimate Q, tensile tests were conducted at different
temperatures in the range of 473K to 723K for the samples
processed through N = 2. Figure 10 shows the nominal flow
stress delineated against elongation. The maximum flow
stress normalized by G as (·/G) is then plotted against the
reciprocal temperature in Fig. 11 in a semi-logarithmic form.
For this plot, temperature dependence of G has been included
using the relation as.49)
G ¼ ð1:92 104  8:6 T ÞMPa ð3Þ
The slope in this plot corresponds to mQ/R and thus, it
follows that Q = 86 kJ/mol. Here, the value of m = 0.3 has
been used from the plot in Fig. 10 and the datum point from
the tensile test at 473K is excluded as its flow behavior
does not represent superplasticity. The value of Q = 86
kJ/mol so obtained is very close to the activation energy for
grain boundary diffusion in Mg (92 kJ/mol).50) It is thus
concluded that the superplastic deformation in AZ31 occurs




Fig. 6 (a) Nominal stress-elongation curves and (b) appearance of tensile
specimens after deformation to failure for samples processed by HPT
through 2 turns.
Fig. 8 Variations for elongation to failure with initial strain rate after tensile
testing of samples processed by HPT through 2 and 10 turns.
(a)
(b)
Fig. 7 (a) Nominal stress-elongation curves and (b) appearance of tensile
specimens after deformation to failure for samples processed by HPT
through 10 turns.
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3.6 Effect of surface roughness
The present study shows the hardness-strain behavior
typical of SPD-processed metallic materials44,45) as plotted in
Fig. 2(b), where the hardness is saturated at the equivalent
strain beyond ³80. However, Xu et al. reported that the
hardness saturation occurs at an equivalent strain of ³20.40)
In order to introduce a shear strain into the sample during
HPT processing, it is important that the sample needs to be
rigidly adhered on the anvils through frictional force between
the sample and the anvil. If the adherence is not sufficient,
slippage occurs between the sample and the anvils as reported
by Edalati et al.51) To increase the frictional force during
HPT processing, the anvil surface needs to be carefully
roughened. The anvils used for the AZ31 alloy in this study
have surface roughness of Ra = ³10 where Ra is defined as
the arithmetic mean of the deviation from the average height
in the roughness profile. The anvil surface was further
roughened to Ra = ³15 and, as shown in Fig. 12, the onset
of the hardness saturation is shifted to the lower equivalent
strain as ³30, while the level of the hardness saturation
remains almost the same (³111Hv). It is noted that this
roughened anvil is used for the following AZ61 alloy.
3.7 Hardness variation and microstructure of AZ61
alloy
Figure 12 also shows the variations of Vickers microhard-
ness for the AZ61 alloy as a function of the equivalent strain
after processing for N = 2 and 10 turns under 6GPa at room
temperature. Figure 12 includes the initial hardness levels
corresponding to the as-extruded conditions. A hardness-
strain behavior similar to AZ31 alloy is obtained, and now
for the AZ61 alloy, the hardness saturation reaches at an
equivalent strain of ³20 with the saturated level of 118Hv
which is almost twice as high as the initial as-received state.
TEM micrographs with a bright-field image (left) and a
dark-field image (right) including a SAED pattern (center)
are shown in Fig. 13 for AZ61 alloy processed by HPT for
10 turns. Figure 13 clearly shows that an ultrafine-grained
structure formed with equiaxed grains having a size reduced
to ³100 nm. Harai et al.42) reported the average grain size
of ³110 nm after HPT processing for 5 turns using 10mm
diameter disks. Therefore, it is concluded that the micro-
structure for scaled-up samples are successfully refined to a
well submicrometer level by the HPT processing.
3.8 Tensile testing
As schematically illustrated in Fig. 1(b), the dimensions
of the tensile specimens including gripping parts are 3mm
width and 7mm length. Hence, an only one tensile specimen
Fig. 9 Maximum flow stress plotted against initial strain rate for samples
processed by HPT through 2 and 10 turns.
Fig. 10 Nominal stress-elongation curves after tensile testing at temper-
atures from 473 to 723K with initial strain rate of 1 © 10¹3 s¹1 for
samples processed by HPT through 2 turns.
Fig. 11 Normalized stress plotted against reciprocal temperature for
samples processed by HPT through 2 turns.
Fig. 12 Vickers microhardness plotted against equivalent strain for
samples of AZ31 and AZ61 alloys processed by HPT through 2 and 10
turns.
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can be taken at the pre-designated position which is 2mm
from the disk center in the conventional 10mm disk sample
due to its limited size. By contrast, multiple numbers of
tensile specimens are able to be extracted along the radial
direction as illustrated in Fig. 1(a). Figure 14 shows the
results of the tensile tests after deformation at 473K with the
initial strain rate of 1.0 © 10¹3 s¹1 for the AZ61 alloy where
the tensile specimens were extracted at positions of r = 4, 8
and 12mm after processing by HPT through 2 and 10 turns.
The nominal flow stress is delineated against elongation in
Fig. 14(a) and the appearance after specimen failure
including the one before tensile deformation is shown in
Fig. 14(b). The total elongation to failure is higher in the
samples processed for N = 10 turns than for N = 2 turns as
far as the distance from the center is the same. The total
elongation tends to increase with increasing the radial
distance. Both trends are consistent with the earlier report
that, as the strain is more imposed, the total elongation
increased. This is reasonable because an ultrafine-grained
structure with high-angle grain boundaries are developed
with increasing the strain.52) The maximum superplastic
elongation of ³550% is achieved at 12mm from the disk
center for the sample after 10 turns. These results are
summarized in Fig. 14(c) where the total elongations to
failure are plotted against the equivalent strain. Figure 14(c)
clearly shows a good relationship between the total
elongation and the imposed strain and thereby it is suggested
that the superplastic elongation of ³400% may be attained
at the equivalent strain beyond ³210 for the AZ61 alloy
processed by HPT at room temperature. These tensile results
demonstrate that upsizing the disk sample has advantage in
evaluating mechanical properties especially for HPT process-
ing whose sample size is generally small as compared to
other SPD processes.
4. Summary and Conclusions
1. Facility of high-pressure torsion (HPT) was up-scaled to
a maximum capacity of 5MN (500 ton) and a 30mm
diameter disk of two AZ series Mg alloys, AZ31 and
AZ61, were successfully processed at room temperature
under an imposed pressure of 6 to 7GPa. The grain
refinement was then feasible without causing any
breaking or cracking of the AZ31 and AZ61 disks.
2. Transmission electron microscopy (TEM) revealed that
the grain size was significantly reduced from ³15 µm
and ³34 µm at the initial as-received states to ³150 nm
and ³100 nm, respectively, for the AZ31 alloy and
the AZ61 alloy at the saturated state after the HPT
processing.
3. Tensile testing showed that superplasticity with total
elongations exceeding 300% and 400% were attained
for the tensile specimens of the AZ31 alloy processed
through equivalent strain of 90 and 450 (after N = 2
and 10 turns), respectively. The largest elongation
achieved in this study was ³520% after tensile testing
at 623K with an initial strain rate of 1 © 10¹4 s¹1.
Fig. 13 TEM bright-field images (left), dark-field images (right) and
selected area electron diffraction (SAED) patterns (inset) after HPT





Fig. 14 (a) Nominal stress-elongation curves and (b) appearance of tensile
specimens, and (c) summary of elongation to failure after deformation
with initial strain rate of 1 © 10¹3 s¹1 at 473K for samples of AZ61 alloy
processed by HPT through 2 and 10 turns.
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Evaluation of the deformation behavior concluded that
the superplastic deformation occurs through grain
boundary sliding controlled by grain boundary
diffusion.
4. It is shown that the surface roughness of the anvils used
for the HPT processing significantly affects the induced
strain. The reasonable hardness-strain behaviors were
obtained in both AZ31 and AZ61 alloys by roughening
the anvil surface to Ra = ³15.
5. Upsizing of the disk sample to a 30mm diameter in
HPT processing allows extraction of tensile specimens
at three radial distances, 4, 8, and 12mm, from the disk
center to evaluate the effect of the imposed strain on the
superplastic elongation.
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